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Abstract: Due to the flexibility in spectrum shaping, orthogonal frequency division multiplexing (OFDM) 
is a promising technique for dynamic spectrum access. However, the out-of-band (OOB) power radiation 
of OFDM introduces significant interference to the adjacent users. This problem is serious in cognitive 
radio (CR) networks, which enables the secondary system to access the instantaneous spectrum hole. 
Existing methods either do not effectively reduce the OOB power leakage or introduce significant bit-
error-rate (BER) performance deterioration in the receiver. In this paper, a joint spectral precoding (JSP) 
scheme is developed for OOB power reduction by the matrix operations of orthogonal projection and 
singular value decomposition (SVD). We also propose an algorithm to design the precoding matrix under 
receive performance constraint, which is converted to matrix condition number constraint in practice. This 
method well achieves the desirable spectrum envelope and receive performance by selecting zero-forcing 
frequencies. Simulation results show that the OOB power decreases significantly by the proposed scheme 
under condition number constraint. 
 
Keyword: Spectral precoding, Out-of-band, Orthogonal frequency division multiplexing (OFDM), 
Sidelobe suppression, Condition number constraint. 
1. Introduction 
Dynamic spectrum access [1, 2] technology is extensively studied as an effective scheme to achieve 
high spectral efficiency, which is a crucial step for cognitive radio (CR) networks. Due to the flexible 
operability over non-continuous bands, orthogonal frequency division multiplexing (OFDM) is considered 
as a candidate transmission technology for CR system [3]. However, due to the use of rectangular pulse 
shaping, the power attenuation of its sidelobe is slow by the square of the distance to the main lobe in the 
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frequency domain. Therefore, the out-of-band (OOB) power radiation or sidelobe leakage of OFDM 
causes severe interference to the adjacent users. Furthermore, this problem is serious in CR networks, 
which enables the secondary users to access the instantaneous spectrum hole. Therefore, these secondary 
users need to ensure that the interference level of the power emission is acceptable for primary users.  
In practice, typically of the order of 10% guard-band is needed for an OFDM signal in the long term 
evolution (LTE) system [4]. Therefore, the spectrum efficiency is significantly reduced. The traditional 
method of sidelobe suppression is based on windowing techniques [5], such as the raised cosine 
windowing [6], which is applied to the time-domain signal wave. However, this scheme requires an 
extended guard interval to avoid signal distortion, and the spectrum efficiency is also reduced for large 
guard intervals. The cancellation carriers (CCs) [7, 8] technique inserts a few carriers at the edge of the 
spectrum in order to cancel the sidelobe of the data carriers. However, this technique degraded the signal-
to-noise ratio (SNR) at the receiver. The subcarrier weighting method [9] is based on weighting the 
individual subcarriers in a way that the sidelobe of the transmission signal are minimized according to an 
optimization algorithm. However, the bit-error-rate (BER) increases in the receiver, and when the number 
of subcarriers is large, it is difficult to implement in real-time scenario. The multiple choice sequence 
method [10] maps the transmitted symbol into multiple equivalent transmit sequences. Therefore, the 
system throughput is reduced when the size of sequences set grows. Constellation adjustment [11] and 
constellation expansion [12] are difficult to implement when the order of quadrature amplitude modulation 
(QAM) is high. Strikingly, the methods [10, 11] require the transmission of side information. The adaptive 
symbol transition [13] scheme usually provides weak sidelobe suppression in frequency ranges closely 
neighboring the secondary user occupied band. However, the schemes [7-14] depend heavily on the 
transmitted data symbols. 
The precoding technology is widely used in OFDM system to enhance the performance of 
transmission reliability over the wireless environment, in which there are many precoding methods 
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proposed for OOB power reduction [15]. There are two main optimization schemes with obtaining large 
suppression performance. One is to force the frequency response of some frequency points to be zero by 
orthogonal projection [16-19]. These frequency points are regarded as zero-forcing frequencies. The other 
method [20, 21] is to minimize the power leakage in an optimization frequency region by adopting the 
quadratic optimization method, using matrix singular value decomposition (SVD). The precoding scheme 
in [16] is designed to satisfy the condition that the first N  derivatives of the signals are continuous at the 
edges of symbols. However, this method introduces an error floor in error performance. The sidelobe 
suppression with orthogonal projection (SSOP) method in [19] adopts one reserved subcarrier for 
recovering the distorted signal in the receiver. To maintain the BER performance, data cost is introduced 
in [17] by exploiting the redundant information in the subsequent OFDM symbol. The sidelobe 
suppression in [21] is based on minimizing the OOB power by selecting some frequencies in an optimized 
region. The suppression problem is first treated as a matrix Frobenius norm minimization problem, and the 
optimal orthogonal precoding matrix is designed based on matrix SVD. In [20], an approach is proposed 
for multiuser cognitive radio system. This method ensures user independence by constructing individual 
precoder to render selected spectrum nulls. Unlike the methods that focus on minimizing or forcing the 
sidelobe to zero, the mask compliant precoder in [22] forces the spectrum below the mask by solving an 
optimization problem. However, the algorithm leads to high complexity. 
In this paper, a spectral precoding scheme is proposed with matrix orthogonal projection and SVD 
for OOB reduction in OFDM-based system. The main idea of this scheme is to reduce the OOB power 
under the receive quality. The condition number of the precoding matrix indicates the BER loss in the 
receiver. Therefore, we develop an iteration algorithm to design the precoding matrix under matrix 
condition number constraint. The proposed method has an appropriate balance among suppression 
performance, spectral efficiency and receive quality. Consequently, it is flexible for practical 
implementation. 
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The rest of the paper is organized as follows. In Section 2, we introduce the system model of OOB 
power reduction by the spectral precoding method. In Section 3, we present the proposed spectral 
precoding approach. Next, in Section 4, we provide an iteration algorithm to design the precoding matrix 
according to the desirable spectrum envelope, spectral efficiency and BER performance. Simulations are 
presented in Section 5 to demonstrate the performance of the proposed method, followed by a summary in 
Section 6. 
 
Fig. 1 System diagram of spectrally precoded OFDM. 
2. System Model 
The block diagram of a typical OFDM system using a precoding technique is illustrated in Fig. 1. 
The number of total carriers used in the transmitter is M . The digital spectral precoding process before 
inverse fast Fourier transform (IFFT) operation is expressed as 
 ,s Pd   (1) 
where d  is the original OFDM symbol of size 1N  , and s  is the precoded vector. The size of the 
precoding matrix P  is M N ( M N ) and the coding redundancy R M N   is usually small. The 
spectral precoding method achieves better suppression performance in zero-padding (ZP) OFDM system 
than cyclic-prefix (CP) OFDM [19, 21]. What’s more, the ZP scheme has already been proposed as an 
alternative to the CP in OFDM transmissions [23] and particularly for cognitive radio [24]. The proposed 
method also can be directly applied to CP systems with degraded performance on sidelobe suppression. 
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Conventionally, power spectral density (PSD) analysis for multicarrier systems is based on an 
analog model with a sinc kernel function [25]. The PSD converges to the sinc function with the sampling 
rate increasing. In addition, the oversampling constraint presented in [26] ensures the desirable power 
spectral sidelobe envelope property after precoding for DFT-based OFDM. In a general OFDM system, 
the time-domain signal can be defined by a rectangular function (baseband-equivalent) as  
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where m  is the center frequency of m-th subcarrier. Therefore, the magnitude envelope in the OOB 
region ( m  ) is expressed by 
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Then we define the function ( )mC   to indicate the magnitude envelope by 
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 (5) 
The expression (5) is obtained from (4) by ignoring a constant factor. This operation does not affect 
the mathematical analysis for the design of the precoding matrix [19]. The complex computing by (3) is 
converted to real operation, which reduce the complexity of spectral precoding in the following. Based on 
(5), using the superposition of  M  carriers, the target function indicating the PSD at OOB frequency   is 
defined by 
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where ms  is the m-th element in the precoded OFDM vector s . In OFDM system, the power spectrum of 
its sidelobe decays slowly as 2( )  , where m      is the frequency distance to the mainlobe. From 
(1) and (6), the PSD target function of the OFDM signal is expressed in the matrix form as 
    21 1( ) ( ) ,T
s s
P A
T T
   c Pd    (7) 
where  0 1 1( ), ( ),... ( )
T
MC C C  c , (.)
T  and   denote transpose operation and expectation respectively. 
( )P   and ( )C   are not the PSD presentation of the OFDM signal and the frequency response 
respectively, but indicate their envelope character. The goal of the precoding method is to design P  to 
reduce the emission in OOB region. Simultaneously, the process is irrespective of the value of vector d . 
3. The Proposed Joint Spectral Precoding (JSP) Method 
In this paper, a joint spectral precoding (JSP) method is proposed with two times orthogonal 
projection and one time SVD. The process is given by three steps: Inner orthogonal projection → SVD → 
Outside orthogonal projection. As presented in the previous papers [19, 21], in each step, the main idea of 
orthogonal projection is to force the power of zero-forcing frequency points to be zero, and the SVD 
operation is to minimize the power in optimized region. However, the precoding matrix derived from the 
final step does not achieve the goal in each step again. Unlike the methods that focus on minimizing or 
forcing the sidelobe to zero, we reduce the OOB power under the receive quality constraint by selecting 
the frequency points in each step. Therefore, the proposed method has an appropriate balance between the 
suppression performance and the receive quality. In addition, when the number of the reserved carriers is 
small, such as only one, then the number of zero-forcing frequencies in orthogonal projection method is 
one. But in the JSP, we set the zero-forcing frequency in inner and outside orthogonal projection to be 
different and better suppression performance is obtained. 
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Fig. 2 The spectrum diagram for OOB power reduction. 
Generally, the subcarriers of OFDM-based system are considered to be continuous. The proposed 
method also can be used for non-continuous multi-carriers system. The number of employed carriers is M  
and the index is from 0  to 1M  . Fig. 2 illustrates the frequency region of m  . The R  reserved 
carriers at the upper and lower spectral edges, which are used to achieve sidelobe suppression and 
maintain the receive quality. 
Two groups of zero-forcing frequency points aω and bω are selected in inner and outside orthogonal 
projection respectively. The corresponding number is aN  and bN ( aN R , bN R ). K  frequency points 
in the optimized region are chosen to reduce the OOB power by SVD operation. We first give the process 
of JSP in this section, and the detail of how to select the parameters is presented in the next. 
In the first step, the group of zero-forcing frequency points aω ( 1[ ,... ,... ]i Naa a a a
  ω ,
0ia
  or 
1ia M
   ) are chosen to achieve 
 ˆ ,a a C P d 0   (8) 
Where dˆ  is a vector of size M  , derived from the original data symbol 1Nd  by adding zero in the location 
of the reserved carriers, i.e., ˆ [0,0,... ,...0,0]T Td d . aC  is the magnitude response matrix of size aN M , 
whose element ( , ) ( )
ia j a
C i j C   computed by (5). j  is the index of the carriers. The solution of (8) is 
equivalent to map dˆ  to the nullspace of aC , In [27], the orthogonal projector aP mapping vector onto a

C  
(
a

C
 
is the nullspace of aC ) along aC is given by 

  
data carriers 
reserved carriers 
zero-forcing frequency 
optimized region … … … 
Submitted 
8 
 
 1( ) ,T Ta M a a a a
 P I C C C C   (9) 
where MI  is a unit matrix of size M M . This projector has a property that the precoded data vector 
ˆ
aP d , 
in the nullspace of aC , is closest to dˆ  as 
 ˆ ˆ ˆmin .a a a
 P d d P d C   (10) 
Obviously, aP  is non-orthogonal. Therefore, it will cause significant BER performance degradation 
in the receiver. After the step of the inner orthogonal projection, the precoded data is given by 
 ˆ.a as P d   (11) 
Then in the second step, the magnitude response matrix of K  frequency points oω  in the optimized 
region is written as 
op o aC C P , where oC  is a magnitude response matrix of the K  optimized frequency 
points. The elements in oC  is computed by (5). We then use the SVD operation to minimize the power 
leakage in the optimized region. The problem is determined by  
 arg min .o op
P
P C P   (12) 
By decomposing the matrix 
opC into 
T
op c c cC U Σ V using SVD, the optimal precoding matrix oP  
to 
achieve (12) is derived from 
 1 1[ , ,... ],R R Mo c c c
 P V V V   (13) 
where i
cV  is the i-th column of cV . The matrix oP of size M N  is composed of the last N  columns in 
cV . oP  is an orthogonal matrix that 
T
o o NP P I , where NI is a unit matrix of size  N N . The original data 
d  is mapped to oP d , while the length is extended from N  to M . The average power of each symbol of 
before and after precoding are 
1
2
0
M
s i
i
P 


  and 
1
2
0
N
s i
i
P 


 , where i  is the i-th diagonal element in cΣ  and sP  
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is the average power of each symbol d . The second step is to abandon the largest R  singular values in cΣ , 
then the OOB power is reduced after precoding by oP d . 
In the third step, the group of zero-forcing frequency points bω ( 1[ ,... ,... ]i Nbb b b b
  ω ,
0ib
  or 
1ib M
   ) are chosen. The orthogonal projection matrix bP  is obtained similar to (9) by 
 1( ) ,T Tb M b b b b
 P I C C C C   (14) 
where the matrix bC of size bN M , is the magnitude response matrix of the frequency points b . Finally, 
the precoding matrix is obtained by 
 .b oP P P   (15) 
After precoding, the minimum error problem of decoding in the receiver, is given by 
 ˆmin ,PPd -d   (16) 
where Pˆ  is the decoding matrix. The orthogonal projector bP  map the vector onto b

C , so 
( ) b brank M N N  P , where rank (.) denotes the rank of a matrix. Due to ( )oank Nr P  
and the value 
of bN  
is small, the case of that P  is full column rank, is easy to be achieved in practice. Then the pseudo-
inverse matrix of P  is the optimal solution for (16) to achieve ˆ NPP I , which is given by 
1ˆ ( )T TP P P P . 
This JSP scheme is unlike the methods that minimize the OOB power or forcing the sidelobe to zero. 
In the third step, we map oP d to the nullspace of bC  rather than the nullspace of b oC P . If the nullspace of 
b oC P  is selected, the JSP method turns to the traditional orthogonal projection method, which introduces 
large deterioration in the receiver. Furthermore, after the operations in the last two steps, the precoding 
matrix P does not achieve the goal in the first step of mapping d  to the nullspace of aC . In addition, after 
the operation in the third step, P  also does not achieve the goal of minimizing the power leakage in the 
optimized region in the second step. 
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As presented in the SVD operation [21] or orthogonal projection method [19], the receive quality 
and suppression performance have not been well balanced. We also had some tests to examine other 
combinations that only employing the first two steps or the last two steps in the JSP method. The results 
indicate that the suppression performance is similar to only using orthogonal projection or SVD operation. 
The reason is that the better OOB power reduction performance by the JSP method is obtained by two 
times orthogonal projection. In addition, the BER performance is improved by using reserved carriers in 
the second step. What’s more, the desirable spectrum envelope also can be achieved by selecting the 
frequency points or optimized region in the three steps independently. 
4. Design of The Precoding Matrix Under Condition Number Constraint 
In this section, we develop an algorithm to design the precoding matrix, obtaining the desirable 
spectrum envelope under receive performance constraint. As illustrated in Fig.1, the data after FFT process 
in the receiver is expressed as 
 ,s Qd +n   (17) 
where Q = HP , H  is a complex diagonal matrix with the channel frequency response of M  subcarriers 
and n  is complex additive white Gaussian noise (AWGN) vector with zero mean. Q = P  for AWGN 
channel. s  is the received signal from noise measurement.  
The matrix P  is full column but T
NP P I . Thus, this non-orthogonal precoding matrix will 
introduce BER loss in the receiver. If some singular values of P  are too small, compared to the other 
values, low additive noise will result of large errors. Therefore, the condition number   of P  is 
introduced, which is to measure the sensitivity of the solution of linear equations to errors in the data [28]. 
  is given by 
 max
min
Con( )= ,



 P   (18) 
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where max  and min  is the largest and the smallest singular value of P . Con(.)  denotes the condition 
number of a matrix. The value of   indicates the BER loss in the precoding. [1, )   and larger value 
of   leads to worse BER performance.  
 
Fig. 3 The condition number of transition matrix Q in AWGN channel and Rayleigh fading channel. 
The transition matrix Q  significantly influence the receive quality. We examine the average 
condition number of Q  through different channels in Fig. 3. The results of through Rayleigh channel are 
averaged over 2000 realizations. Two Rayleigh channel is selected: 3GPP extended pedestrian A (EPA) 
model [29], whose excess tap delay = (0 30 70 90 110 190 410)ns with the relative power = (0 -1 -2 -3 -8 -
17.2 -20.8)dB, and a ten-tap Rayleigh block fading channel with exponentially decaying powers set as 
92 /3 /3
0
(| ( ) | ) , 0,1,...,9l jl jE h i e e j
 

  . As illustrated in Fig. 3, the receive performance is better 
through the AWGN channel than the Rayleigh fading channel. Compared to the transmission without 
precoding, the condition number of Q  linearly increases with condition number constraint 0  in AWGN 
channel, but decrease in the Rayleigh fading channel when the value of 0 is small. The zero-forcing 
equalizer is used for AWGN channel and fading channel respectively by 
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(Q Q) Q s


  (19) 
where (.)H  and d  denotes conjugate transpose and the decoded data respectively. 
In this part, we develop an algorithm to obtain P  under a condition number constraint by selecting 
the frequency points. In order to keep the receive performance decreases slightly, the number of zero-
forcing frequency points in the first orthogonal projection is chosen as small as possible. In practice, we 
select 1aN   for single-side suppression or 2aN   for double-side suppression to keep the spectrum 
symmetric. If the special case of 1R   is selected, then we fix 1aN  . The envelope of the precoded PSD 
curve is mainly determined by the outside orthogonal projection. Thus, bN R is selected for high 
suppression performance. The two group zero-forcing frequencies aω  and bω  
are arranged in the different 
OOB region, far from or close to the mainlobe. The one far from the mainlobe is fixed, for the amplitude 
response is weak by (5). The one closed to the mainlobe is used to maintain the receive quality by 
adjusting its location. In the SVD operation, in order to effectively abandon the largest R  singular values 
in cΣ , K  should larger or equal to R . We select o bω ω  for simple implementation and K R . Then 
the variables for obtaining P  are only the group closed to the mainlobe. Thus, we change these frequency 
points to achieve 
 
0maxCon( ) . . Con( ) ,s t  
P
P P P   (20) 
where 0  is the given condition number according to the BER constraint. The signal estimation 
performance under condition number constraint in a communication system is illustrated in [28, 30]. In 
addition, as presented in [16, 19], the zero-forcing frequency point close to mainlobe leads to quicker 
power reduction on the edge of the mainlobe, but the power far from the mainlobe is larger. Inversely, if 
these points are far from the mainlobe, the power decreases slowly on the edge, while the emission from 
the mainlobe decreases largely. 
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Table 1 The correlation between OFDM performance and the parameters in the proposed method. 
 
 Case 0  R  aN  
BER ― ↓ ― ↓ 
OOB power 
reduction 
Case A: Quicker power reduction 
on the edge of the mainlobe 
Case B: Lower power leakage far 
from the mainlobe 
↑ ↑ 
Na=1: Single-side suppression 
Na=2: Double-side suppression 
↓: Negative correlation; ↑: Positive correlation; ―: Weak or no effect. 
 
With summarizing the properties analyzed above, we first give the correlation between the 
parameters and the performance of OFDM transceiver in Table 1, which is also presented in the simulation 
section. In the following, we develop an algorithm to obtain the precoding matrix P  by selecting the 
frequencies bω  and aω , according to the summary in Table 1. The main spectrum envelope is decided in 
the initialization process step by step as 
(a.) The value of aN and Case is selected according to the power spectrum envelope property. 
(b.) R  is chosen according to sidelobe suppression performance and spectral efficiency. 
(c.) 0 is the given condition number according to the BER quality constraint. 
If Case A is required, we fix aω far from the mainlobe and adjust bω . The process to solve (20) is 
given in the algorithm. 1. 
Algorithm. 1: 
Initialization: 0 , R , aN , iteration increment  , 0b bω ω , 0a aω ω , 0  ,  0i  . 
1.  : +1i i i . i-th iteration. 
2. Design iP  by Section 3 and compute the condition number Con( )i  P . 
3. if 0( )   
:b b  ω ω  , go back to Step 1. 
else 
Stop. 
Output: 1iP   P . 
where 
0b
ω is the initializing frequency points close to the mainlobe, and 
0a
ω is the fixed frequencies far 
from the mainlobe. If the number of reserved carriers of R  is large, a little adjusting of bω  will lead to 
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large change to  . Therefore, the iteration increment   also should be small, and the distance between 
the frequency points in bω should not be too small. In practice, we select 4R  . 
If Case B is required, we fix bω  far from the mainlobe and adjust :a a  ω ω  in the Step 3. The 
distance between the frequency points in bω also should not be too small or too far from the mainlobe. 
Otherwise, the matrix 
opC  may be close to singular or badly scaled. That may lead to that the results may 
be inaccurate in (13) by SVD in practice. 
5. Simulation Results and Discussions 
In this section, some numerical results are presented to demonstrate the performance of the proposed 
method. An instance in LTE is selected that the subcarrier spacing is 15 kHz. The number of the 
subcarriers is 300N   in 5 MHz bandwidth [4]. The frequency axis is normalized to the spacing 2 / T . 
The index of data subcarriers is from -150 to 150, while the direct current carrier 0   is not employed. 
To illustrate the OOB power reduction effect, the PSD is obtained by computing the power of DFT 
coefficients of time-domain OFDM signal over a time span and averaging over thousands of symbols. The 
frequency-domain oversampling rate is eight and the QPSK modulation is employed. The simulated are 
mainly ZP-OFDM system, unless noted otherwise. 
A. Sidelobe Suppression Performance 
In the first experiment, the OOB reduction performance comparison is presented using different 
precoding technologies. The number of reserved subcarriers is selected as 2R  . The SSOP [19], the 
orthogonal projection (OP) [16], the optimal orthogonal precoding (OOP)  [21] and CC [8] methods are 
selected as a comparison. The zero-forcing frequencies are fixed at 180 ω  for OP and SSOP method. 
The optimized region for OOP and CC scheme is also selected nearby the frequencies 180 ω . 2aN   
for double-side suppression to keep the spectrum symmetric in the proposed JSP method. The spectral 
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coding rate is 300/302, 4000a  ω  
and 180b  ω . The condition number of the precoding matrix is 
3.2279  . 
 
Fig. 4 PSD of the OFDM signal with different precoding techniques. 
As the PSD curves illustrated in Fig. 4, all the transmitted signals are ZP-OFDM, besides CP-OFDM 
signal is presented by the proposed JSP method. It is obviously that the OOB power using the JSP method 
is lower than other approaches. The OOP/OP/SSOP methods have similar suppression performance. The 
CC, which is not a spectral precoding method, achieves less OOB power reduction. In addition, the results 
show the performance degradation of sidelobe suppression in CP systems. 
 
Fig. 5 Quicker power reduction on the edge of the mainlobe (Case A) with different condition number constraint. 
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Fig. 6 Lower power leakage far from the mainlobe (Case B) with different condition number constraint. 
In Fig. 5, the precoding matrix is designed under a condition number constraint of 
0 1.5,3,5,1 0{ }0,2   respectively. The PSD curves of Case A is presented with 2aN  . aω is fixed far 
from the mainlobe and 4000a  ω , 2R   and 0.25  . Obviously, the suppression performance is 
improved by relaxing the condition number constraint while the distance between bω  and mainlobe 
increasing. In Fig. 6, the Case B is presented with 2aN  . We fix bω  far from the mainlobe and 
4000b  ω , and the other parameters are same with in Fig. 5. The suppression performance is also 
improved by relaxing 0 . The OOB power in the region far from the mainlobe is lower than Case A. 
However, the power on the edge of mainlobe decreases slowly. 
 
Fig. 7 Single-side suppression with different number of revered carriers, Na=1.  
Fig. 8 PSD of Multi-band OFDM signal. 
In Fig. 7, the Case B is selected, 1aN   and 0 1.5  . The right-side suppression is presented by 
choosing aω  and bω  in the right side of the mainlobe. The distance between two adjacent frequencies in 
aω  is five when 1R  . As the symmetry presented in (5), (9) and (14), the difference between adopting 
the OOB frequency ω  and ω  to design the precoding matrix is only in the second step of SVD. 
Therefore, the power on the left side OOB region is also reduced, while the power emission is higher than 
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on the right side. The suppression performance is improved by increasing the number of revered carriers. 
Although the simulation is not illustrated, this property is also presented in the case of 2aN   by adjusting 
R . 
In cognitive radio system, the secondary users access the spectrum hole dynamically. In addition, 
carrier aggregation (CA) [31] is a critical technology in LTE system, which enable a user to employ non-
contiguous subbands. Therefore, in Fig. 8, the PSD of two non-contiguous subbands occupied by one user 
or two is presented. The condition number is 0 10   for all the cases. The number of the carriers of each 
subband is 150. The design of the precoding matrix for two users is independent, while the data 
transmitted by one user through two subbands is dependent. The results indicate that the proposed scheme 
is also suitable for multi-users transmitting through non-contiguous subbands. 
B. BER performance 
  
Fig. 9 BER performance with different spectral precoding techniques through AWGN channel. 
Fig. 10 BER performance with same condition number constraint through AWGN channel, Na=1. 
A comparison of the BER performance using spectral precoding techniques is shown in Fig.9. The 
condition number constraint is 0 2   for the JSP. The optimized region or zero-forcing frequencies for 
OOP, SSOP and OP method is same with the JSP method. As illustrated in Fig. 4, the sidelobe suppression 
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performance by OOP, SSOP and OP method is similar. The difference is that OOP scheme introduces no 
quality loss in the receiver and the OP method leads to large error as presented in Fig. 9. The SSOP 
method improves the receive quality by adopting a reserved subcarrier to decode the distorted signal. The 
BER quality loss by the JSP method is not notable. 
In Fig. 10, the condition number constraint is fixed as 0 10  , as well as single-side suppression is 
selected as 1aN  . The results illustrated that the receive quality is approximate identical when the 
condition number and aN  are fixed, although both of the number of reserved carriers R  and the Case are 
different. This property indicates that if aN  has been selected according to single-side suppression or 
double-side suppression, the BER performance constraint can be converted to the condition number 
constraint in practice. 
 
Fig. 11 BER performance with difference condition number constraint and Na through AWGN channel, R=2. 
In Fig. 11, the results demonstrate that the BER performance of 1aN   is better than 2aN   under 
same constraint. This is why we select the value of aN  as small as possible to maintain the receive quality.  
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Fig. 12 BER performance with difference condition number constraint through AWGN channel. 
Fig. 13 BER performance with difference condition number constraint through 3GPP EPA fading channel. 
In Fig. 12, the receive quality is presented with 2aN  . The number of revered carriers is 2R  . 
The results show that the BER performance decreases by relaxing 0 , but the suppression performance is 
improved shown in Fig. 5-6. For example, the power in the OOB region can be reduced by nearly 40dB 
when 0 10  , while the SNR loss is less than 1dB at BER=10
−7
. When the condition number of 
precoding matrix is small, such as 0 1.5   in Fig. 12, the BER performance is slightly better than that of 
without precoding. Because the number of the modulated carriers of each symbol is extended from N  to 
M , the receive quality is improved by frequency diversity. However, this property is not notable when the 
value of 0  is large. 
In Fig. 13, the parameters are set same with in Fig.12. Comparing to without precoding, the BER 
performance through the fading channel is similar to AWGN channel, when SNR is small. The receive 
quality decreases by relaxing 0 . But with SNR increasing, the BER line converges to without precoding. 
6. Conclusions 
In this paper, a joint spectral precoding (JSP) method is proposed to reduce the OOB power emission 
in OFDM-based system, as well as an iteration algorithm is given to obtain the precoding matrix. We also 
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convert the BER performance constraint to the condition number constraint of the precoding matrix. As 
summarized in Table I and presented in the simulations, the proposed method has an appreciate balance 
between suppression performance and spectral efficiency, under a receive quality constrain. We also can 
obtain the desirable spectrum envelope by parameters configuration. Therefore, this method is flexible for 
spectrum shaping in both conventional OFDM systems and non-continuous multi-carriers cognitive radio 
networks.  
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